Abstract: An approach to obtain single-mode operation on a semirectangular large core area Flat Fiber (FF) slab waveguide is proposed. A new design of FF with two defect eye holes is presented, and its single-mode guiding is analyzed by simulation. To validate the simulation results, a proof of concept FF with a core area >1200 μm 2 was fabricated, and its modal behavior was examined. It was found that higher order propagation modes could be discriminated from the large core area by introducing a high-refractive index region in the FF eye holes. Experimental results confirmed a single Gaussian mode profile (mode field diameter of ≈ 745 μm) output of this large core FF, thus validating the simulation results.
Introduction
Flat Fiber (FF) combines the advantages of both planar waveguides and optical fibers [1] , [2] . It has potential applications in multi-point long length sensing chips for environmental and structural health monitoring systems [3] - [5] . Typically, the FF structure comprises of a doped slab waveguide surrounded by a cladding layer. It is fabricated using fiber making methods, and can be produced at comparatively lower production costs than planar waveguides [6] , [7] . Direct laser writing is used to define the individual wave-guiding channels and structures such as y-splitters, Bragg gratings and X-couplers within the UV sensitive slab waveguide [8] - [11] . Moreover, a low-loss FF based substrate Multimode Interference (MMI) device exhibiting 1.89 dB of excess loss has been reported by Ambran et al. [12] . Recent developments in fiber-optic evanescent wave spectroscopy have made a significant impact on methods of gas detection, as well as label-free sensing procedures by simple evanescent wave absorbance [13] - [15] . In addition, optical fiber detection based on the leaky wave mode sensing has become an essential tool in product quality control to determine the presence of chemical species in an environment [16] . This can be further developed for real time monitoring of chemical processes [17] . These fibers can also be used in medical applications due to their biocompatible microfluidic characteristics [18] - [20] . FF has been shown to fulfil the various geometrical requirements as well as the combinations of bending and mode converters. Its simplicity of design and fabrication is well demonstrated in biosensor applications [21] .
The structural characteristics of FF slab waveguides enable them to be multi-moded at communication wavelengths. In applications, such as high power laser pumping, this feature is a plus. However, in applications requiring single mode operations, such as in high sensitivity sensing, the thickness of the slab would need to be made very thin. This introduces other difficulties such as losses due to launch conditions [22] . Single-mode fibers are required in building interferometry systems such Fabry-Perot and Mach-Zehnder interferometers [23] . Thus, the usefulness and versatility of FF would be more significant if it can be made to operate in single-mode (SM). It has been shown that SM propagation can be achieved in a silica-based large core rectangular waveguide by deliberately creating regions where the adjacent region has similar or higher refractive index at the two ends of the long-dimension central core along the horizontal axis of the waveguide. The higher-order modes (HOMs) would leak out from the core, thus leaving only SM propagation to be semi-guided in the core region. This process is known as leaky mode [24] , [25] .
This research presents both the simulation as well as the experimental results on SM operation of FF with a large core area >1200 μm 2 . Hollow holes were created on both sides of the substrate, giving the signature bean-shaped cross section in the FF. It was also shown this method has improved the mode distribution of the launched light.
Methodology
A series of design and simulations were conducted to investigate SM operation in FF. The fiber has a narrow core in the fast axis and a wide core along the slow axis, as shown in the schematic cross section in Fig. 1 . The slow axis has an effective refractive index higher than the fast axis, which in turn determine the permissible propagation mode in FF. The fast-slow axis terminology is adopted here instead of the conventional x-y axis terminology is due to the very different propagation mode properties brought by these high-contrast refractive indices, which also suggested in [22] .This highaspect ratio design allows it to be highly bendable along the fast axis. In the slow axis of the FF, the core is sandwiched between two hollow "eyes," labelled as n eye . These eyes play an important role in mode discrimination. Using appropriate n eye , the mode-dependent radiation loss could be manipulated in such a way that the fundamental mode experiences significantly lower loss than any other higher order modes, which results in SM operation in the slow-axis core.
Flat Fiber Leaky Guiding Mode
The working principle of the transverse modes in the FF can be represented as follows:
The transverse mode can be factorized as E slow ,fast ∼ = X slow (x)Y fast (y). The parameter β slow ,fast = k 0 (n cor e − δn clad − δn eye ) is the propagation constant of the mode, where k 0 is the wavenumber, and the light propagation is represented by Z . δn clad and δn eye quantify the variation of the effective refractive index in the slow and fast axis directions. Y fast (y) describes the transverse mode in the fast-axis that has an effective refractive index n e f f (fast) = n cor e − δn clad . Generally, the value of the effective index, n e f f lies between n cor e and n clad . Similarly, X slow (x) represents the transverse mode in slow-axis with n e f f (slow ) = n cor e − δn eye . However, the effective refractive index of slow-axis depends on the effective index of the fast-axis during leaky mode operation [22] .
The propagation mode in the FF is analyzed by considering the fast-axis, the slow-axis and the hollow regions (n eye ). The analysis starts from the fast-axis, n fast , point of view. To enable SM operation along the fast axis, the effective index of fast-axis, n e f f (fast) depends on the differences between refractive index of n cor e and n clad as well as the thickness of the FF central core. As for the slow-axis, the refractive index of the hollow region, (n eye ), determines the mode of propagation. When n eye < n e f f (slow ) , the propagation modes will be confined in the core and the fiber is able to support multi-mode due to total internal reflection (TIR), having an effective refractive index, n e f f (slow ) , along the slow-axis. However, as the n eye increases, as in the case when n eye > n e f f (slow ) , the propagation mode would be in a leaky mode guidance, where modes can also be guided favorably in the eye region. There is no TIR along slow-axis and the propagation now depends largely on n e f f (fast) as the term δn eye dissipate. The intensity distribution of the fundamental mode decays rapidly within the n cor e and is barely distributed into n eye , whilst HOMs intensity decay more slowly towards n eye . There is still a significant amount of HOMs amplitude distribution between the boundary of n cor e and n eye . As a result, HOMs would leak away from the core as compared to the fundamental mode. Hence, the fundamental mode would still be able to be guided largely in the wide core between the fiber eyes, and results in SM operation. This qualitative analysis is supported by numerical calculations of the modes using a finite-element method (FEM), as described in the following section.
Numerical Simulation of Flat Fiber
Numerical simulations of the FF structure were performed using a commercial FEM software (COMSOL Multiphysics). By introducing a perfectly matched layer (PML), the leaky mode could be determined and computed for effective mode loss. There is always a leaky mode that is part of the complete mode decomposition [24] . However, our focus is on the leaky mode when the "eyes" have higher refractive index relative to the central core. The PML layer can be represented as
The ρ is the distance from the beginning of PML and the subscript "max" denotes the maximum value. The attenuation of the field in PML is controlled by choosing appropriate values of α max [26] , [27] . The leaky mode loss is then calculated from the imaginary part of the effective refractive index. The simulation is conducted by incrementally varying the refractive index of the n eye relative to n cor e of the central core in the FF. The simulation parameters are listed in Table 1 .
Flat Fiber Fabrication
The design and fabrication of FF are simpler compared to micro structured optical fibers, well known for their stack-and-draw techniques. Micro structured optical fibers, also termed as photonic crystal fibers, requires sophisticated methods and extreme precisions during the process [28] . Fig. 2 shows the cross-sectional image of the FF fabricated in this study. The FF was fabricated in two steps. Firstly, a large Ge-doped hollow tube (where the doping was in the inner layer of the tube) was drawn into a capillary with a diameter of approximately 4 mm. Then, the capillary is re-pulled with a vacuum pressure applied from the top of the capillary to collapse it into FF. Controlled vacuum pressure and applied temperature enable the capillary to collapse into a flat shape with two small "eyes," also called defect holes, forming at the edges of the collapsing region, as illustrated in Fig. 2 . It should be noted that there is a residue core forming around the eye holes with its maximum thickness at the edges of the eyes. This residue core is not intended, and will be discussed in Section 3.2. Previous reports have described that an ideal FF should be fully collapsed with a formation of a dumbbell shaped core [1] , [29] . However, in this study, the two holes is purposefully created to control the mode propagation in the FF central core, by introducing a high refractive index in the holes. The refractive index of the Ge-doped fiber core is determined to be 1.45844 and the silica cladding was made via preform Suprasil F300 through modified chemical vapor deposition process.
The fabricated FF has an outer cladding width of 771.7 ± 5.09 μm, a thickness of 201.6 ± 1.69 μm (at the middle of width), a central core height of 4.40 ± 0.22 μm, a flat core width of 295.7 ± 52.25 μm, the largest eye height of 32.7 μm and the longest eye width of 139 μm. Fiber lengths of up to 50 meters were able to be fabricated consistently. The investigation of this FF fabrication parameters for has been reported [30] , [31] .
Experimental Setup
A 1-m long FF was used for each experimental observation. The observations were performed in two conditions, one in normal condition where the FF holes were filled by air, and secondly, where the holes were filled by a liquid with a refractive index slightly higher than the FF central core. The liquid chosen was an index-matching oil with a refractive index of 1.50000 ± 0.0002 at 1550 nm. The index-matching oil was infiltrated into the FF eyes by capillary action. For each observation, once the FF is aligned in the setup, the mode condition is recorded by a beam profiler and CCD before the matching oil is inserted, as illustrated in Fig. 3 . Then, without changing the fiber light launching condition, a very short length of FF from the output was carefully dipped into the matching oil for 5 minutes, to ensure the holes are fully filled at a constant infiltration rate. To avoid droplets on the fiber tips, the fiber was cleaved manually and its mode condition was captured immediately. Each experiment was conducted five times, using a new FF sample for each repetition. The samples are observed via CCD (MicronViewer-7290A) and Beam Profile (Thorlabs-BP109-IR Slit Scanning Beam Profiler). The numerical aperture (NA) of the lens (F-L10B) is 0.25 and is larger than FF NA.
Results

Simulation Analysis on Flat Fiber Single-Mode Operation
A simulation analysis of the fabricated FF was conducted to study effects of modal sieve by introducing higher refractive index in the FF eye holes. Fig. 4 shows the simulated results depicting the mode loss for the first three modes in the FF core area. The slow-axis index step indicates the refractive index of the FF eye holes relative to the refractive index of the central core. The simulation sweeps the refractive index of the FF eye holes (i.e., n eye ). At slow-axis index steps of less than −1.9 × 10 −3 , all modes are confined in the FF central core and the fiber is in completely guiding regime. In this condition, all propagating modes experience similar negligible loss. This agrees well with the typical MM waveguide that guides all mode in the core of the fiber. At index step greater than −1.9 × 10 −3 , the modes begin to have variations in the losses, where the HOMs experience higher loss as compared to the fundamental mode. The maximum modal lost was observed at an index step of −1.68 × 10 −3 . Here, the effective refractive index of the n eye is now higher than n e f f (slow ) . The modal loss of HOMs scales with the order of the modes, providing higher modal loss for higher HOMs. As shown in Fig. 4(a) , the extinction ratio of modal loss per meter for fundamental mode against second and third order modes are approximately 30 dB/m and 80 dB/m, respectively. It shows that the HOMs tend to be guided into the eye region and experience higher loss from the central core, leaving the fundamental mode to dominantly operate in the central core. However, the loss for fundamental mode is still quite significant at 10 dB/m and require further optimization for practical applications. Due to the high extinction ratio of the modal losses, one can use a short FF for mode filtering applications. For instance, for a 0.3-meter-long FF the loss for fundamental mode is acceptable at 3 dB, while the loss for second and third order modes are 13.3 dB and 30 dB, respectively. As the refractive index of the FF eye holes is increased, as shown in Fig. 4(b) , the fundamental mode losses is significantly reduced to approach 0 dB/m while the HOMs still experience substantial modal losses. In this region, for example at slow-axis index step of +4.16 × 10 −2 , the refractive index of the FF eye holes is higher than the central core by 4.16 × 10 −2 . However, it should be noted that further increasing the refractive index of the FF eye holes will decrease the mode discrimination between fundamental mode and HOMs. Thus, there is a trade-off in mode filtering mechanism. The selection range of refractive index is crucial as the mechanism only occurs in specific range depending on the refractive index of the FF eye holes relative to that of the central core.
Launching Condition
At the start of the experiment, the light propagation behavior in FF with air-filled condition was observed as the beam was launched from different positions of the core. Fig. 5 shows three conditions that light propagation is observed in the FF core area. These three conditions include the main core area, i.e., the long flat central core area, and the two small residue cores in the eye regions, i.e., one at the utmost left side of the left eye and the other at the utmost right side of the right eye, as illustrated in Fig. 5 .
In the main core (n cor e ), the light propagates from the entire central core area in the form of multimode as long as it is incident to an area along the central core. Fig. 5(b) and (e) show examples of the light launched into FF main core and the modes propagation from entire core area as captured by CCD at the fiber output. It was observed that in this condition, the light propagating from the central core area did not propagate into the small residue core in the eyes. This was mainly due to the very narrow core thickness at the joining part between the central core and the beginning of the air holes. This narrow thickness acted as a cutoff region for the propagation of light. The shape of the air holes does not have impact on the propagation of the light.
On the other hand, the light can propagate in the core area surrounding the eye air hole, if it is incident on the thicker parts of the core area. Fig. 5(a) and (c) show examples of light launched from the cores around the left and right air holes, respectively. The transmitted light at the fiber output captured by CCD are shown in Fig. 5(d) and (f). It was observed that when the light was incident on the small residue core area around the eye air hole, it only propagated from that small core area around the eye region and did not propagate into the central core area nor the small core area around the other eye hole.
Other than these three launching conditions, the light has propagated either in the central core or in the residue core, depending on the launching conditions. 
Experimental Observation on Flat Fiber Single-Mode Operation
The CCD images of the mode profile are presented in Fig. 6(a) and (b) , respectively showing the FF core in normal condition (i.e., eye holes filled with air) and after infiltration of higher index-matching oil into the eye holes. Simulated mode profile is shown in Fig. 6(c) and (d) , respectively showing the unfilled FF with multi-mode and fundamental mode. As depicted in Fig. 6 , the FF guides would be in multi-mode in its normal condition, while, the number of modes were significantly reduced after infiltrating higher index-matching oil into eye holes. The mode profiles were further resolved using high resolution and dynamics range beam profiler.
For the purpose of comparison, the mode profile in FF was compared with a Gaussian curve. It was found that the mode profile in FF can be fitted well with a Gaussian curve with a mode-field diameter of ≈ 745 μm measured with 1/e 2 intensity cutoff, an example of which is depicted in Fig. 7(f) . Fig. 7(a) -(e) show the normalized beam profile of FF in normal condition and after index-matching oil infiltration that are measured from five different FF samples. The mode profile intensity clearly shows that by introducing a higher refractive index material in the eye holes, the MM operation in FF is well switched into SM operation mode. This observation agrees well with the simulation results that show having higher refractive index area at the fiber eye regions would result in higher loss of the HOMs as compared to the fundamental mode. This result in the dominance of the fundamental mode in the central core and enable SM operation in the FF. However, partial discrimination of HOMs was observed in some cases, as shown in Fig. 7(a), (b) , and (d), which could be the result of the inhomogeneous distribution of the oil along the fiber in relation to length of oil-infiltrated along the eye holes as described in Fig. 4(b) . It was possible that the oil-infiltration was not long enough for the HOMs to be fully filtered, as depicted in Fig. 7(c) and (e).
The qualitative comparisons between the FF mode profiles of the five experiments with the Gaussian curve are summarized in Table 2 . All five FF mode profiles closely fitted with the R-squared > 88% with very low root-mean-square errors, implying low variations from the fitted Gaussian curve. This shows that our approach for HOMs filtering was consistent and highly reproducible. The result obtained is considered a successful proof of concept for the use of large core area FF with defect eye holes. Further development could utilize electro-opto or thermo-opto fluids such as liquid crystal instead of the index matching oil to obtain active higher order mode filtering or dynamic modulation [32] , [33] . This may lead to development of full-fledged multifunctional fibers for use in numerous novel applications such as on chip dynamic mode control and mode switching [34] .
Conclusion
Single mode (SM) operation was successfully demonstrated in flat optical fiber with a core area of more than 1200 μm 2 at 1550 nm. Using both computational simulation and experimental analysis, it was shown that by introducing a higher refractive index area in the FF 'eye' region, the HOMs experience higher leak from the main flat core into the eye region, leaving the fundamental mode to be dominant in the central core. The experimental results confirmed the single Gaussian spatial mode profile of the FF was in excellent agreement with the simulation results. Thus, validating our approach for HOMs filtering. This technique of HOMs filtering points to the huge potential of FF utilization in optical amplifier, sensing and waveguide mode switching applications.
